
POWER 

- - -  RE-ORDER NO. ' . 

WDL - TRZ 3 66 
2 January 1965 

COMET AND CLOSE-APPROACH ASTEROID MISSION STUDY 

FINAL REPORT 

VOL. 7 

Prepared for  

Jet Propulsion Laboratory 
Pasadena, California 



WDL-TR2366 
2 January 1965 

POWER 

COMET AND CLOSE-APPROACH ASTEROID MISSION STUDY 

FINAL REPORT 

v0Lm 7 

Contract JPL 950870 

Prep. red by 

PHILCO CORPORATION 
A Subridi8ry of Ford Motor Company 

WDL Divirion 
Palo A l t o ,  California 

Prepared for  

Jet Propulrion Labor8 t ory 
P888deM, California 

WDL DIVISION 

. -.e-*- 



This document i s  the f i n a l  report of work performed on Power by the 

WDL Division of the Philco Corporation during the Comet and Close-Approach 

Asteroid Mission Study f o r  the Je t  Propulsion Laboratory under Contract 

JPL 950870. 

t o  2 January 1965. 

The report cover8 work performed during the period 2 July 1964 

F i  

WDL DIVISION 

7. 



WDL-TR2366 

ACKNOWLEDGEMENT 

The work on photovoltaic power was performed by John Fairbanks; the 
work on isotopic pcwer and solar flare cffectr was performed by 
Wayne Picciano, 

i l l  

WDL DIVISION 
4 



WDL-TR2 366 

SUMMARY 

PHOTCWOLTAIC 

Components f o r  t h e  photovol ta ic  power subsystem have been se l ec t ed  on 
the  b a s i s  of t he  cu r ren t  s ta te -of - the-ar t  u t i l i z i n g  test eva lua t ion  and 

f l i g h t  data .  Hence, t h e  power output f i g u r e s  represent  r ead i ly  obta inable  

performance, which can  be upgraded by incorpora t ing  f u t u r e  s o l a r - c e l l  panel 

developments. 

1970 f l i g h t s ,  has  been u t i l i z e d .  Four rec tangular  o r  t rapezoida l  pane ls  

with N/P s i l i c o n  s o l a r  c e l l s  having 10 percent  conversion e f f i c i e n c y  in- 
s t a l l e d  Over 85 percent  of the  f r o n t a l  panel a r e a  have been considered f o r  

misoions t o  six comets of i n t e r e s t .  The design i s  based on a minimum-power 

output from t h e  condi t ion ing  equipment of 200 watts a t  28 v o l t s  a f t e r  the  

panelo have experienced a g ian t  so la r  flare.,#' The design po in t s  a r e  t h e  

sun-probe d is tance8  a t  i n t e rcep t .  Ba t t e r i ea  eupply power durlng prelaunch, 

launch, s o l a r  panel deployment, peak loads ,  a c q u i s i t i o n  and maneuver, 

Experience gained on the  MACS program, which aims a t  1967- 

i n t o  

ISOTOPIC POWER 
The des ign  and I n t e g r a t i o n  of a r ad ioac t ive  thermoelec t r ic  generator  

an instrumented s c i e n t i f i c  probe veh ic l e  i s  accomplished i n  th ree  p a r t o :  

1. Design of  t he  RTG u n i t  

2 .  Determination of r ad ia t ion  s e n s i t i v i t y  of instrumentat ion 

3. Design and compatible placement of required instrument sh ie ld ing .  

For tha-purposes  of t h i s  con t r ac t ,  a conceptual design of the  RTG u n i t  

has  been made and appl ied  t o  provide the  required weight-power comparisons. 

For  plutonium eyotems, weight versus  thermal power has  been ca lcu la ted  f o r  
i so tope ,  c ladding ,  TE u n i t s ,  casing,  f i n s ,  and miscellaneous cone tmc t ion  

mater ia la .  : A  pro jec t ion  of RTC powcr-to-weight r a t i o s  has  been made us ing  
best  a v a i l a b l e  information from Martin, B a t t e l l e ,  Phi lco ,  and the  l i t e r a t u r e .  

l v  
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A study t o  advance t h e  s ta te -of -  t he -a r t  i n  sh i e ld ing  techniques forms 

I t he  bulk of e f f o r t .  A mathematical a n a l y s i s  employing the  ca l cu lus  of 

v a r i a t i o n s  has  produced a technique t o  determine the  minimum-weight shape 

and l o c a t i o n  fo r  a r ad ia t ion  shadow sh ie ld .  

convent ional  and optimal sh i e ld  configurat ions has  been made. 

mination of instrument s e n s i t i v i t y  t o  r a d i a t i o n  has  not been made. It was 
hoped t o  inc lude  experimental  da ta  on t h i s  subjec t  f rom an ex te rna l  source; 

t he  promised d a t a  has  not ye t  reached Phi lco.  

- a  
A weight comparison between 

The deter- 
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SECTION 1 

OEUECTIVES AND REQUIREMENTS 

1.1 BACKGROUND 

Since WDL ha6 already surveyed a variety of power eupply aubsystems 

[Philco, 19631; the technical objectives of thie study have been accm- 

plished more profitably 

approaches. 

thermoelectric appear to prerent more problems. For example, the present 

atate of development of thermionic diodes is not a promising as thermo- 

electric dioder. Solar concentrator8 require a high degree of pointing 

accuracy which overshadow8 the few advantage8 gained, The Brayton cycle 

i r  cornplax and hbr moving turbiner which are undesirable form reliability 

and from magnetic field and gyroscopic moment rtandpointr. IlOtOpiC 

by concentrating upon only the m a t  promising 
Suboysterno other than the photovoltaic and irotopic- 

batterier are inherently high-voltage, lw-current genaratora, and 
information on them giver little hope for 6 high-power-output device, 

Requiremantr upon the derign of the power ryrtem are the following: 

1. Contlnuour 8V8ihb1r d . c .  power of 200 to 350 Watt,, depending 

2 .  Operation between 1 and 2 A.U. heliocentric dirtance 

3. One-year l i f e  

on the mirrion requirement8 

The power lording trqulrementr during varlour flight pharer for 
continuoorly operating 10-watt, 25-watt and 50-watt power amplifirrr 

are detailed In Tiblo 1-1. 

P H I K C ) !  
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SECTION 2 

PHOTOVOLTAIC POWER SUBSYSTPl 

2.1 FUNC;TIONAL DESCRIPTION 
The power subsystem supplies a minimum of 200 watts at 28 volts from 

power conditioning equipment. 

which is recharged regularly by solar panels, supplies power during ac- 

quisition, maneuvers and intervals of peak-power loads, and will also 
supply power during launch and solar-panel deployment. 

power aubsyrtem consiets of a series-parallel arrangement of solar cells. 
The solar cells are mounted flat on four rectangular or trapezoidal panel8 

that are oriented normal to the solar flux. Blocking diodes are connected 

In each series string, and shunt diodes are placed across each parallel 

group to minlmize losses from open cells and/or shadowing. Solar cells 
are installed with multi-layer transmission filters deposited on cover 
slider that are bonded directly to the cell surface by a transparent 

adherive. The filter-adhesive-molar cell combination is henceforth re- 

ferred to a# the "cell rtick". The following sections dircuss the problemr 
arrociated with cell-etack co~ponentr and their selection bared on present 

rtate-of-the-art cap8bIlitier. 

A secondary silver-zinc battery system, 

The photovoltaic 

a 

2.1.1 Solar Cells 
The rtandard rire (1 x 2 an) N-on-P rilicon cella with 10 ohm-an 

bare material rerirtivity have been selected becaure of their combined 

high radiation rerirtmce and high power output. 
charactariatic 10 particularly rlgnificant because of the uncertaintier 
arsociated with the apace radiation environment. 

available currently In large quantitier from raveral mnufacturerr. The 
minimum performance characterirticr under a simulated rolar intenrlty of 

The radiation reristance 

Thir type of cell is 

140 milliwatts/cm' are rhovn in Figure 2-1. 
converrlon a f f  icfancy under air-mass-zero (AMO) conditione at 2 8 O C  with 

an active cell area of 1.9 cm . The 10 percent efficiency reprerentr the 

This bare cell har 10 percent 

2 

curront capability of major manufacturers of silicon solar cell available 

in production quantitier. 

PH I LCO 
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The best conversion efficiency achieved to date with silicon is 

14 percent, while normally production quantity cells are between 8 percent 
and 12 percent with an approximate gaussian distribution. Future efforts 

to skew this distribution toward the higher efficiency range will probably 

- result from efforts devoted to forming the junction precisely where it is 

desired. 

silicon solar cells has been calculated by Prince (1955) to be 21.6 percent. 
However, losses due to surface reflections, incomplete absorption, incom- 

plete collection of electron-hole pairs, partial utilization of photon 

energy for electron-hole pair creation, and internal series resistance 

limit the achievable conversion efficiency to 15-16 percent. 

quantity production further reduces this efficiency by a few percent. 

Improved manufacturing methods can be expected to reduce costs in the future. 

The theoretical upper efficiency limit with singlc-crystal 

Large- 

Gallium arsenide solar cells have been eliminated from any 

consideration beyond that given in the Solar Probe Study [Philco; 19631 
because of their premium coot which does not buy any significant opera- 

tional advantage on c a t  mlrrions, The GaAs cells are more radiation 

resistant th8n rilicon; however, a small additional thickners of c w e r  

glaso over the lighmmsilicon cells would provide equivalent radiation 

resietance. The silicon solar-cell power output ir greater than the GaAs 

at tempcraturar below 12OoC. 

0 

Considerable effort is underway at NASA and under Air Force con- 

tracts on thin-film solar-cell development uring silicon, gallium arsenide, 

cadmium sulfide and gallium telluride. 

in weight, panel-design flexibility and possibly radiation resirtance. At 

present, however, only coaparativcly inefficient thin-film cells have been 

developed and these have not been audt with reproducible charactcrirticr 
[Shirland, Wolff, Schaefer and Dierssen; 19623. 

thin-film operating life and storage effects. 
sulfide presents an additional ground handling and spacecraft installation 

problem since it deteriorates rapidly upon exposure to the atmosphere. 

Thln-film cells have advantages 

Data is unavailable on 

Polycrystalline cadmium 

2-3 
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2.1.2 Cover Glass Slides 

Cover glass slides are bonded to the solar-cell surface with trans- 
a 

parent adhesive. These cover slides provide protection from particle 

radiation, increase the cell's spectral emittance, and afford micrometeor- 

oid protection. An intensive investigation conducted during the MACS de- 

sign effort indicates that fused silica suffers the least reduction in 

transmission after exposure to electrons, protons, and ultraviolet radia- 

tion of the materials investigated to date. The solar panel power output 

is a function of the cover-slide thickness since a significant range of 

particles is absorbed and high-energy particles, damaging to cells and 
adhesives, undergo a substantial energy reduction while traversing the 

cover slide. Thus an increased thickness means fewer cells are required 

for the deeired power. This presents a trade-off eituation between the 

weight penalty incurred by increasing cover slide thicknese and the re- 

rulting decreare in panel eize for 30- and 60-mil thick fused-silica 
cover rlidee on s ix  comet missions. If the power output at the derign 
point must be increased, the cover thickness can be increared. 

2.1.3 Optical Filter 

A mufti-layer interference filter is vacuum-depooited on the inner 
rurface of the cover glarr and an anti-reflective coating deporited on the 

outer surface, i.e., expored surface. A transmlsrion cut-on wavelength 

of 435 millimicronr ir reconmended for thir filter. Thio cut-on can pro- 

vide better protection againet transmission losses in the adhesive due 

to ultr&violet degradation, while paying a very amall penalty In power 

for cutting off A small portion of the cell's spectral rcrponsc. 
on rolaction i r  conoarvative but justified at thin time, since test data 
i r  rcarce on ultraviolet degradation, degradation of filters and adhesivor, 

and rince currant testing procedures indicate rubrtantial uncertainties. 

Further testing and adherivo R6D work may optimize the filter character- 

The cut- 

irtics. 

2 -4  
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2.1.4 S.dar-Cell Cover Transmissive Adhesive 

Space environmental effects on the mechanical properties of adhesives 
are not significant in solar cell applications. This is because c w e r  slide 

materials are relatively impermeable to gases, and outgassing of volatile 

products in the adhesive can occur only through the very small exposed area 

at the edges of the adhesive bond line. Studies have indicated that this 

is an extremely slow process even with the accelerated rate of volatiliza- 

tion due to VACUUZP radiation and high temperatures. The primary considera- 
tions for solar-cell cover adhesives @re their transmission and absorptance 

characteristics. These adhesives are quite susceptible to ultraviolet 

degradation. However, the blue filter reflects the bulk of the energy 

below 0.435 micron and minimizes the transmission loss. 

2.1.5 Ultraviolet Exposure Degradation 

Little is know about the chemical degradation process aseociated 
with the ultraviolet and particle-radiation exposure of transmissive ad- 
hesiver. 

either Mercury arc or Xenon l q r .  These sources do not match the solar 

ultraviolet spectral dirtribution. Disparities associated with the cor- 

relation of flight data and tent results indicate that large uncertaintier 

must be asrigned to prerent data. Mariner 2 flight data indicate that the 

tranrmittance of the LTV-602 solar-cell cover adhesive was not adversely 

affected during its mirrion [Zontrndyk, Vondra and Smith, 19633. Several 
promising silicon-bare tranrparent adhesives are being investigated at 

WDL and elrewhere under e h l a t e d  space conditione to determine tranrmir- 

eion degradation effect8 rerulting from particle and ultraviolet exposure. 
A degree of rkepticimr rhould be applied to simulated testing with current 
techniquer. Flight tertr of more promising silicon-based adhcsiver are 
reccnnnendtd, coupled with A critical evaluation of the instrumentation 
anp loyed. 

Current environmental ultraviolet-radiation testing employs 

0 

Ultraviolet degradation of t h e m 1  control materiale resultr in 
M increased t h e m 1  8bsorp tame. 

le 8 non-linear terrperature phenomenon that diminishes with lower 

Thio increase in thermal absorptance 

2-5 
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temperatures.  

binder  flown aboard OSO-I ind ica t e  a very small increased thermal absorp- 

tance a t  t cnpera tures  wll above those ca lcu la ted  f o r  comet missions. 

rear panel rur face  has neg1igible view f a c t o r  of the  spacecraf t ;  con- 

sequent ly  i t  should not be a f fec ted  by u l t r a v i o l e t  exposure. 

S q l e s  of r u t i l e  t i tanium-dioxide pigment i n  a s i l i c o n  

The 

2.1 .6  S O h r  Array Wiring 

In order t o  minimize magnetic e f f e c t s  of cur ren t  loops within the  

a r r a y ,  the  photovol ta ic  c i r c u i t s  should be backwired. Backwiring involver 

br inging  the r e t u r n  w i r e  from a group of c e l l s  along the  center  of t he  

back of t h a t  group t o  a po in t  where the  two wirer can be made a twisted 

p a i r .  Thur, f o r  every current  i n  a group of i l luminated so la r  c e l l s ,  an 
equal  and opposi te  cur ren t  re turns  down the  back of the  group, and the  

ne t  cur ren t  flow 1s zero. Fai lure  of separa te  modular w i l l  thur  not 

d i s t o r t  the  g ro r r  patterns of current  f l a t  i n  the  s o l a r  c e l l  rur faccr .  

2 . 2  PHOTOVOLTAIC PANEL DESIGN 

2 . 2 . 1  Cell Stack T8mperature 

Panel a i r i n g  har  been bared on the  cur r rn t -vol tage  c h a r a c t r r i r t i c  
con- taxpera ture  dapendenca of N/P r i l i c o n  c e l l  with a m n u f a c t u r e r ' r  

v r r r i o n  e f f i c i e n c y  r a t i n g  of 10 pcrcrn t .  
interest have been ured 80 the  dr r ign  p o r i t i o n  f o r  m i n i m u m  puwer output.  

The mort important p a n r l  r i t i n g  p r r ano t r r  i r  the  r o l a r - c e l l  r tack  t a r p e r -  

a t u r e  from penal deployment t o  por t - in t e rcep t .  

t u r e  p r o f i l e  ar a func t ion  of po r i t i on  with r e r p r c t  t o  the run h r r  been 

determinrd uring two control-volume boundarier. 

a c t i v a  rolar c e l l  ourface,  the  uncovered f r o n t a l  thrrxnal sur face ,  and tho 

conductivr panel r u b r t r a t e  up t o ,  but  not  including,  the  rear panr l  t he r -  

nul control rur face .  

Per ihe l ionr  of the  c m e t r  of 

The r o l a r  panr l  t e g e r a -  

Thr f i r r t  considerr  the  

The energy balance f o r  t h i r  r y r t m  is ar followr: 

PH I LCQ 
.-I **- 

2-6 

WDL DIVISION 
f: 1 %  



WDL-TR2366 

The recond cons iders  the  hea t  t ransfer red  by non-ideal conduction and the  

r e a r  panel emi t t ing  surface:  

whe re 

A -  

P -  

R -  
s -  
T -  
2 -  

0 -  

8 -  

u -  

0 -  
' T O  

t o t a l  panel rurface area 
power from mlrr c e l l  converrion 

equivalent  thermal r e r i s t ance  o f  panel  r u b r t r r t e  

inc ident  ro la r  f lux 
abro lu te  tamperature 

packing fac t o r  

8 t e f an- Bo It tuum conr t an t  

ed .8r iVi ty  

rbrorp t rnce  

off-norma1 angle between panel ru r f ace  and incident  r o l a r  f l ux  

t r a n r o i a r i o n  through f i l t e r  and adherive , 
and t h e  r u b r c r i p t r  a r e  def ined a0 f0110WrZ 

f 

b - panel  r e a r  rur face  

panel  f r o n t  rur face  (not covered with r o l a r  ce l la )  

IC = r o l a r  c ~ l t a d h e r i v c f i l t e r  c o l q o r i t e  

An equivalent  thermal r e r i r t a n c e  accounting f o r  non-idoal panrl 
conduction har been determined with Mariner 2 f l i g h t  da ta .  

t h e r m 1  cont ro l  rur face  m r t e r i a l r  were conridrred i n  t h i r  determination: 

The fo l lov ing  

Surface Iia t a r  i 8  1 Condition 0 8 8 t  285OlC 

Rear pane 1 a i l i c o n  Acrylic ZnS Pigmented 0.30 0.91 
I n a c t i v e  R o u t  Panel S i l i c o n  Alkyd R u t i l r  Pigmented 0.12 0.89 
P i  Iter- C e  11-Adher ive Comb iru t ion Ru t i l e  P w e n t e d  0.80 0.83 e 

WDL DIVISION 
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2 .2 .2  Cover Class  S l i d e s  
Cover g l a s s  s l i d e s  are bonded t o  the  s o l a r - c e l l  surface w i t h  

t ransparent  adhesive.  

r ad ia t ion ,  increase  the  c e l l ' s  rpec t r a l  emittance,  and a f fo rd  micrometeror- 

o ld  pro tec t ion .  

l e a s t  reduct ion i n  transmission after exposure t o  e l ec t rons ,  protons,  and 

u l t r a v i o l e t  r a d i a t i o n  of the materials inves t iga t ed  t o  date  [STL, 19643. 

The s o l a r  panel power output  is a func t ion  of the cover-s l ide thickness  

s ince  a s i g n i f i c a n t  range of particles is absorbed and high-energy 

p a r t i c l e s ,  damaging t o  cells and adhesives, undergo a s u b s t a n t i a l  energy 

reduct ion while t r ave r s ing  the  cover rlide. Thus an increased th ickner r  

m e m o  t h 8 t  fewer c e l l o  are required t o  the  dea i rad  power. Thio p r e r e n t r  
8 t r8dr -of f  r i t u a t i o n  between t h e  weight pena l ty  incurred through addi t ion-  

a l  cover -s l ide  th icknesr  And the  r e r u l t i n g  decreare  i n  panel r i z e  f o r  30- 

8nd 60-mil t h i ck  f u r e d - r i l i c a  cover s l i d e s .  

der ign po in t  murt be incre8red, t h e  cover th ickner r  can be increared.  

These cover s l i d e s  provide p ro tec t ion  from par t ic le  

Inves t iga t ion  ind ica tes  t h a t  fused s i l i c a  s u f f e r s  the 

I f  the power output a t  the  

0 
2 .2 .3  Optical F i l t e r  

The rolar cell o p t i c a l  f i l t e r  c o n r i r t r  of a aerier of o p t i c a l  

qu8rter-wavelength th i ck  d i e l e c t r i c  coat lngr  vapor depori ted on the  r u r -  

fa- of the  cover g h r r  which nuts8 with the  r o l a r  c a l l ' r  rurface.  An 

a n t i - r e f h c t i v r  coat ing,  urual1yMgP2, I8 depori ted 011 the  oppor i te  ru r -  
f ace ,  which i r  the one th8 t  the incident  solar f l u x  f i r r t  rncounterr .  

There o p t i c a l  f i l t r r r  r e f l e c t  po r t ion r  of t he  r o l a r  anergy spectrum out -  

rid. the raiion of the  c e l l ' r  r p e c t r a l  rerponse, which La 0.40 to  1 . 2  
micron8 f o r  a i l i c o n  c e l l a .  

t h i r  bandwidth con t t ibu te r  only to  he8t ing.  Thio heat  ir under i rab le  

becaure the  cell ' a  converrion e f f i c i ency  ir inver re ly  propor t iona l  t o  the  

cel l ' r  t q e r a t u r e .  

The energy t r a n m i t t e d  t o  the  c e l l  ou t r ide  

The term ''blue f i l t e r ' '  darcr ibes  the  f i l t e r  which r e f l e c t r  Incident  

solar f l u x  a t  wwelengthr  lower than the  ce l l ' r  i n i t i a l  rerponee wave- 

length,  1 . 0 . )  i t  r e j e c t s  t he  u l t r r v i o l e t  po r t ion  of the  r o l a r  spectrum. 

2-8 
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A blue-red f i l t e r  l e  made by vapor depos i t ing  addi t iona l  d i e l e c t r i c  f i l m  

l aye r s  on t he  bas i c  b l u e  f i l t e r  such t h a t  it w i l l  a l s o  r e j e c t  transmis- 

s ion  i n  the  in f r a - r ed  region. Preliminary ca l cu la t ions  f o r  the  Pons- 

Winnecke mission ind ica t e  an appropriate  power gain of 2 percent  could 

be r e a l i z e d  i f  blue-red f i l t e r s  were used. 

f o r  cowt m i 8 ~ i o n r  with in t e rcep t s  a t  higher  AU dis tances  from the  S u n .  

Current coa ts  of blue-red f i l t e r s  are almost t h ree  times t h a t  of blue 

f i l t e r s .  This add i t iona l  cost  i r  not conridered j u r t i f i a b l e  f o r  the  

m ~ l l  power ga in  achieved. 

bared on the  b lue  f i l t e r  c h a r a c t e r i r t i c e .  

The power gain would be lese 

Further ca l cu la t ions  i n  t h l r  r tudy a r e  a11 

A t r a n s m l r r ~ o n  cut-on wavelength of 435 mill imicronr  i r  recompanded 

for  the  blue f i l t e r .  Thir  cut-on can provide b e t t e r  p ro t ec t ion  aga in r t  

t r a n a a i r r i o n  lorrer i n  the  adherive due t o  u l t r a v i o l e t  degradation, while 

paying a very ma11 penal ty  i n  power f o r  c u t t i n g  off  a small por t ion  of 
the  c a f l ' r  s p e c t r a l  rerponse.  The cut-on r e l e c t i o n  i r  conrervat ive but  

j u r t i f i e d  a t  t h f r  t h e ,  eince t e s t  da t a  I8 rcarce  on u l t r a v i o l e t  degrada- 

t i o n ,  degradation of f i l t e r r  4nd adheriver  and current  t e r t i n g  procedure8 

i n d i c a t e  r u b r t a n t i a l  unce r t a in t i e r .  Fur ther  t e s t i n g  and adherive U D  
work may optimiro the  f i l t e r  c h a r a c t e r i r t i c r .  

The e m i r r i v i t y  valuer  wed i n  the  calcu1at ionr  have barn tenpera- 

Figure 2-2 r ep re ren t r  t u r e  cor rec ted  f o r  non-ideal thermal conductionr. 

the r o l a r - c a l l  and rear -panel  rurface temperaturer ca lcu la ted  by t r i a l  
and e r r o r  over the  range of he l iocen t r i c  d i r t anca r  a t  i n t e rcep t .  
powrr output  p e r  u n i t  a rea  of panel i r  detennined a8 followr: 

The 

where 

2-9  
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PIA = panel power output pe r  un i t  a rea  

S = inc ident  so l a r  f l u x  

(The s o l a r  constant  va r i e s  throughout the  year from 144.8 
2 t o  135 mil l iwat ts /cm . The minimum value has been used.)  

2 = packing f a c t o r  = 0.85 
= 0.095 fo r  N/P s i l i c o n  c e l l s  ra ted  a t  10% ef f i c i ency  with an 

a c t i v e  c e l l  a rea  of 1.9 ca2 i n  a 2.0 cm 

g r i d  wires p a r a l l e l  t o  t he  long dimension 

2 c e l l  a rea  having the  

T+ = c e l l  temperature e f f i c i ency  dependence 

\ = r a t i o  of  f i l t e r e d  e f f i c i ency  t o  ba re -ce l l  e f f i c i ency  

= I - (4.7 I O - ~ ) ( T  - 301°K) 

Tb2 T(A)S(A)R(A)dA 
A. 

% 0.92 with b lue  f i l t e r  = 1 

T S  (AIR(  A)dA 
L' 0 

R(A) = cel l  r p e c t r a l  response 

S(A) - Solar  energy r p e c t r a l  d i r t r i b u t i o n  

? ( A )  r p e c t r a l  t r r n r a i t t a n c e  through f i l t e r  and adherive.  

The s o l a r  panel power output per  u n i t  arc8 a e  a funct ion of d i r t r n c e  

fron, the  run i r  rhown a l s o  i n  Figure 2-2 .  

2 . 2 . 4  Panel S i t in& 
Calculat ionr  have been performed t o  determine a s o l a r  a r r ay  derign 

capable of providing 2OO-w8ttr output power a t  28 V o l t 8  from power condi- 

t i on ing  equ ipwnt  f o r  & ona-year mirr ion t o  comet8 a t  dirtanC.8 f r a n  the  

run equal  t o  thoro a t  in t e rcep t .  The major considerat ion8 i n  r i r i n g  the  

array and In ca l cu la t ing  performance are rurnmarited i n  T8bler  2 -1  and 2-2 .  
Table 2-3 ramaritrr  the  panel sire and weight ca l cu la t ions  bared on a11 

f a c t o r 8  d iscur red .  
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NIP S i l i c o n  Solar-Cel l  Array 

Diode and wir ing 

Random open c i r c u i t  

U l t r a v i o l e t  adhesive t ransmission 

Panel: s o l a r  f l u x  21 off normal o r i e n t a t i o n  0 

TABLE 2-1  

POWEB (IUTPVT DEGRADATION FACTORS 

Ef f i c  iency Fact o r  

0.95 

0.94 
0.97 

Negligible  

Canpanant 

S o l a r  C e l l o  
Adheoivc ( typ ica l )  

Cell Interconnect ing Wiring 

h e e d - S i l i c a  Cover-Class with F i l t e r  
3 0 - m i l  thicknaso 

60- mi 1 t h  ickne e o 

Panel without C e l l o  Including S t ruc tu re  

Total Panel Weight with Cel lo  and 
30-mil cover g l a re  

6 0 - m i l  cover g l a r e  

(Packing Factor  = 0.85) 

Radiat ion of Giant Solar  F l a r e  

30-mil cover g l a se  

Wei &t ( l b /  f t2) 

0.28 

0.15 

0.02 

0.34 

0.68  

0.61 

1.30 

1.59 

0.696 

I 0.773 I 60-mil cover g l a s s  

Uicrometeor i t t  e ros ion  on cover g l a s s  

Operation a t  o ther  than maximum power poin t  

0.98 
0.95 

, 
I 

C e l l  mismatch Negl igible  I 
Overall  Ef f ic iency  - 30 m i l  : 0.563 

- 60 m i l  : 0.623 

TABLE 2-2 

STANMRD VALUES OP S O U R  PANEL COHPONENT WEIGHTS 
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57.9 
51.9 

74.3 
66.0 

UDL-TU 366 

72.3 
82.6 

92.9 
105.0 

TABLE 2-3 

SOLAR PANEL SIZIK; FOR POO-WATT MINIMUM OUTPUT 

FROH PWER COWDITIONINC EQUIPMENT 

1 Comet 

Brooks (2) 

Ponr- W innec ke 

Tempe1 (2) 

Kopf f 

M . X h  

Encount e I 
Distance 

(AU) 

1.80 

1.26 

1.36 

1.57 

Cover 
Glass 

rh i ckne s s 
(mils) 

30 
60 

30 
60 

30 
60 

30 
60 

:elup. 
OK 

220 

2 78 

2 66 

2 43 

PIA 

10 watt slcm 3 2 

4.29 

6.96 

6.60 

5.19 

Total Total 
Panel Panel 
Area* Weight 
(ft2) (lbs) 

I* Packing Factor 0.85 

Figure 2-3 shows the total panel area 88 a function of haliocentric 
dirtance at encounter, the output power desired, and the cover glass thick- 

ness. The panel temperature ir also shown. Figure 2-4 shows the corre- 
rponding eolar panel weight for the same parameterr. 

2.3 BATTERIES 
ELchargabb batteries supply power during prelaunch, launch, solar panel 

deployment and initial run acquisition. 

during reacquirltion and rnaneuvar, peak power loadr and the playback of 
stored data during post-Intercept. Self-aerled, rechargeable silver-zinc 
batteries have been chosen on the baeis of the following factorr: 

There batteries rlro rupply pawor 

1. High rrtio of output power to unit weight and volume compared 

with other alkaline electrolytic batteries. 
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2. Constant voltage characteristic during discharge at high power 

output levels. 

3. Operation over wide range of temperatures. 

4. Discharge at both high and low rates. 

5. Mechanically rugged. 

Since magnetic field measurements are to be taken on the Comet mirsionr, 
components with minimum magnetic effects are required. However, the prerent 

location of the magnetometer on the boom and remote from the battery fOc8- 

tion probably negates any magnetic effects from the silver-zinc battory. 

Silver-cadmium batteries are non-magnetic and could be used if an magnetic 
effects analysis indicates interference with tho rcientific instrumentation. 

A silver-zinc secondary battery system rimilar to the design for 

M8rinsr M8rS ha8 been usod for preliminary derign study purporer. 
ryrtam har a 1200 watt-hour maximum rating. 
between 0 and 9.5 amps with a voltago regulation between 25.8 and 33.3 
voltr. The choico of a 
rcalod or vented-call battory with a prerrurizod crnirter 8hould reflect 
tho rerultr of currant davolopmantal programr. 
aonritive to overch8tgo and prerantr a potontirl explorLvo hazard. 

ventod call alro  ha8 diradvantager in a vacuum. 

Thir 

The load requirment varier 
0 

This battery and care weigh8 about 37.5 poundr. 

Tho sealed cell i r  more 
The 

‘PH I LCO! .-.-- 
I 
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Figure 3-3 ind ica t e s  the so l a r  panel output  power degradat ion a f t e r  

a g i a n t  s o l a r  f l a r e  and the  r e su l t i ng  meximum b a t t e r y  u d t p t  power required 

during a 24-hour period. The ca lcu la t ions  were made f o r  100 sq.  f t .  of 
panel a r e a ,  the  maximum area  accommodated by the  Surveyor shroud. 

3.2 DAMAGE IN ELECTRONICS 

A prel iminary study of proton doses in s ide  spacecraf t  i nd ica t e s  t h a t  

h igh-qual i ty  t r a n s i s t o r s  can survive a g i a n t  s o l a r  f l a r e .  

t h e  1a rges t . even t  t h a t  ever occurred, t he  14 Ju ly  1959 g i a n t  f l a r e  

19641, i t  appears t h a t  In t e rna l  doaes a r e  below the estimated threshold f o r  

severe damage [Ba t t e l l e ,  19631 t o  h igh-qual i ty  t r a n s l a t o r s .  With l e s s  than 

250 milr of aluminum sh ie ld ing ,  the i n t e r n a l  dose is g r e a t e r  than the 

external dose due t o  secondary nuclear r eac t ions  [S inger ,  19647. 

Even consider ing 

[Singer ,  

3 .2 .1  Calcu la t ions  

the  range of 10" t o  10 

t e a f i r t i c  r i n c e  experimental research hrr shown t h a t  pronounced changer 
- 2  occurred fo r  rxporure t o  loLz t o  10 

10'' p - ~ r n - ~  of 240 M w  protonr .  

of high-  and low-frequency t r a n r i r t o r s  can be expected because of t he  g r e a t e r  

r e r i r t r n c e  to  drnuge ahown f o r  thin-bare  e lunent r .  

been conducted I n  which a11 important t r a n r i r t o r  c h a r a c t e r i r t i c r  changed 
d r a r t l c a l l y ,  with the  exception of t he  r e c t l f y i w  p r o p e r t i r r .  

The r a d i a t i o n  threshold f o r  t r a n s i s t o r s  har  been e s t ab l i shed  a8 with in  
12 p-crn" [Battellr, 19633. Thlr  th rerhold  appearr  

of 22 Mev protonr and 1011 t o  

0 
13 p-cm 

Some v a r i a t i o n  between r a d i a t i o n  t o l e r r n c e  

Soma experiment# have 

The p a r t i c l e  dorar  given i n  t he  B a t t e l l r  rumnrry have been comrerted 

t o  exporure d o r m  by tho followin# f o r m l a :  

Exporure Dore - N 'is (0.69) (1.6 x rrdr (C) 

whrro P tho  numbrr of p a r t i c l o r  encountered by omnidi r rc t ionr l  rphe r i ca l  

d e t e c t o r ,  

of r u r f a c e  r rear  of a 1 gram rphere of carbon t o  a sphe r i ca l  de t ec to r  of 1 
rqua re  cent imeter  c r o s r  sec t ion .  

3-4. 

9 the average energy of p a r t i c l e r  i n  Mev, and 0.69 i s  the  r a t i o  

These a r e  p l o t t e d  as bar graphs i n  Figure 

Alro Indica ted  are the proton dores from g i a n t  f l a r e s  as published i n  

3 -4 
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t h e  r ecen t  Singer a r t i c l e .  Data on the  November 12, 1960 g i a n t  f l a r e  i s  

the  bes t  ava i l ab le ;  i t  i s  a combination rMasley and Goedeke, 19627 of 

s a t e l l i t e  da t a  from Discoverer XVII and Explorer VII, t h r e e  NASA rocke ts ,  

ba l loons ,  and r iometer  da ta .  The July 14, 1959 event was not so wel l  

covered, and va lues  used here  are  est imat ions by Singer.  

3.2.2 Evaluat ion 

The study of s o l a r  f l a r e  damage t o  spacecraf t  e l e c t r o n i c s  cannot be 

considered closed on the  b a s i s  of this prel iminary s t u d y .  The quest ion of 

secondary nuclear  r eac t ions  as presented i n  the re ferences  used here  is s t i l l  

considered doubtful .  
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SECTION 4 

ISOTOPIC POWER SUBSYSTEM 

4.1 THERMOELECTRIC TECHNDWGY 

Radioisotope- thermoelectr ic  genera tors  (RTG) have been operated 

a t  e f f i c i e n c i e s  of 2 t o  8 percent  using semiconductor thermoelec t r ic  

ma te r i a l s  such a s  germanium s i l i c i d e  ( G e F i ) .  Three o the r  approaches 

have been examined, and t h e  p o s s i b i l l t y  of increas ing  e f f i c i e n c i e s  up 

t o  15 percent  may be f e a s i b l e  i n  the f u t u r e ,  

4.1.1 Segmented Bismuth Tel lur ide  - Lead Te l lu r ide  Modules 

Severa l  development programs a r e  under way, notably a t  

M.M.H. and B a t t e l l e ,  t o  f a b r i c a t e  r e l i a b l e  segmented Bi2Te3-PbTe 

elements. This combination require8 a l o r t e m p e r a t u r e  cold junc t ion  

(TC 
percent .  The opera t ing  temperature8 (T = 960°F) a r e  wi th in  mater ia la  

c a p a b i l i t i e s ,  bu t  a h igher  r ad ia to r  weight w i l l  be required t o  ob ta in  

the  lower co ld  junc t ion  temperature. 

160°F) and appears t o  be able  t o  g ive  e f f i c i e n c i e r  around 10 0 
H 

4.1.2 Segmented Lead Te l lu r ide  - Germanium S i l i c i d e  

Conversion e f  f IC ienc ier  a r e  around 10 pe rcen t ,  but development 

is s t i l l  requi red  t o  produce modules. Cold junc t ion  temperatures,  

TC 
rad ia  t o r  we igh t . 

0 350 F; hot  j unc t ion  temperature, TH - 1280°F, which means lower 

4.1.3 Multiple-Semented Module8 

Thir group includcr  t h r e e  o r  more phases,  such a s  B i  Te -PbTe- 2 3  
& S i ,  or o the r  bonded combinationr o f  segmented modules and r ingle-phase 

elements. There advanced combinations have been discussed with e s t h t c e  

4-1 

WDL DIVISION 



W DL-TR2 3 66 

of  conversion e f f i c i e n c i e s  up t o  15 percent .  The approach is t o  take  

f u l l  advantage o f  the temperature gradient  between ho t  and cold junc t ion  

by p lac ing  each module between optimum temperatures. 

4.2 FLIEL AVAILABILITY 

Table 4-1 is included a s  a guide to  the  most recent  information 

on p r i c e s  and a v a i l a b i l i t y .  It is  adapted from a rough d r a f t  published 

by lianford Isotope P lan t  (HIP) r1964'. Note changes in a v a i l a b i l i t y  o f  

Curium-244 s ince  the  So la r  Probe Study, wi th  1972 p r i c e s  estimated a t  

$1500 - 2000/gm. 
4.3 COLD- JUNCTION TEMPERATURE 

For t h e  purpose of e r t i m t i n g  the  range o f  s o l a r  degradation of  

co ld- junc t ion  temperatures,  i t  has been assumed t h a t  the RTC is a r i g h t  

c i r c u l a r  cy l inde r  with length equal to  diameter.  It is rearonable  a l r o  

t o  arrume t h a t  the dimenslonr w i l l  be very c l o r e  t o  the f i n a l  design 

v e r r i o n  o f  Ph i l co ' s  S o l a r  Probe RTC (L = D = 10"). Thir ver r ion  produced 

150 e l e c t r i c a l  wat t s  with a converter  e f f i c i e n c y  of 5.8 t o  6 percent ,  and 

i t  appears t h a t  with e l i g h t l y  higher e f f i c i ency  thewocouplcr  an RTC 

producing 200 watta w i l l  not increase i t a  dimeneionr r i g n i f i c r n t l y .  Four 
r a d i a t i o n  f i n s  are a t tached  p a r a l l e l  t o  the  cy l inde r  a x i r  with dimcnrionr 

of 10 x 4.35 inches. Eet imrter  have been made of  t h e  rur face  temperature 

when one end o f  the  RTC f ace r  t he  sun. 

t ionr  the  following resumptions have been made: 

0 

To r impl i fy  the  i n i t i a l  calcula-  

a .  Conduction through t h e  support  s t r u c t u r e  is neg l ig ib l e  

b. Surface temperature o f  cy l inder  and f i n s  i e  uniform 

c. 
d. 

The RTC generates  3000 t h e m 1  wat t s  continuously 

The e n t i r e  o u t e r  surface r a d i a t e s  t o  space a t  OoR and t h i r  
su r f ace  ( inc luding  f in s )  i s  assumed not t o  "see'' any o t h e r  
p a r t  o f  i t s e l f  or the vehicle.  

Figure 4- 1 shows sur face  temperature vs. su r f ace  emissivi ty .  For 

F * 1 and the  t o t a l  interchange f ac to r ,  f- 1, curves a r e  shown fo r  1 and 
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- 
2 A.U. To bound the  problem, F is s e t  t o  0.7 and t h e  ca l cu la t ion  is 

a 
repeated fo r  1 A.U. This curve demonstrates t h a t  t he  RTG w i l l  experience 

no de t r imenta l  e f f e c t  by facing the sun a t  one end. 

F ina l ly ,  an es t imate  has been made :or t he  s i t u a t i o n  when maximum 

s o l a r  f l u x  is inc ident  on maximum RTG area.  This is the  conf igura t ion  

when the  s i d e  o f  t he  cy l inde r  and two f i n  faces  poin t  a t  the sun. The 

increase  i n  temperature r e s u l t i n g  from an increase  o f  the  r a t i o  o f  end 

area  t o  maximum area  (1.3/0.545), fo r  a t o t a l  interchange f a c t o r  equal  

t o  0 . 7 ,  is  l e s s  than 8 F. Figure 4-2 presen t s  an es t imate  of  hea t ing  

due t o  s o l a r  f l u x  inc ident  a t  one end. It assumes an abso rp t iv i ty  o f  

0.3 and is p l o t t e d  a s  a funct ion o f  h e l i o c e n t r i c  d i s tance ,  

0 

4.4 RTG DESIGN 

The deaign and in t eg ra t ion  of  a rad io iso tope  thermoelectr ic  

generator  (RTG) i n to  the  comct probe veh ic l e  r equ i r e s  t h ree  p a r a l l e l  

pha6er: 
0 

(1) 

(2 )  Design and compatible placement of required instrument 

(3) 

Design of t he  RTG u n i t  t o  provide 29 vdc 51% from 0 t o  200 
wat t s  (0 t o  6.9 amperes). 

sh  le Id ing . 
Determination of r ad ia t ion  s e n s i t i v i t y  of inst rumentat ion,  

The design of  an RTG has  been completed. 

r a d i a t i o n  o e n s i t l v i t y  and to le rance  cannot be made p rec i se ly  without 
-1 a c t u a l  i r r a d i a t i o n  experiments. The span of  ranges l i e s  within 10 

to  10'' photons/cm -see.  These limits a r e  baaed, r e spec t ive ly ,  on a 

gamma-ray d e t e c t o r  and on t h e  threshold f o r  semiconductor bulk-damage 

e f fec  t a. 

The determinat ion of instrument 

2 .  

The development of a new design technique t o  produce minimum- 

weight sh ie ld ing  fo r  spacecraf t  has been the  prime a c t i v i t y  o f  the  

i so top ic  power study. 0 A mathematical method based on t he  ca lcu lue  o f  
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v a r i a t i o n s  has been developed t o  der ive  an optimum sh ie ld  shape f o r  a 

given source-detector  configurat ion.  The method allows the  r a d i a t i o n  

dose t o  be prescr ibed  i n i t i a l l y  ( a t  a p a r t i c u l a r  instrument) and proceeds 

t o  develop the  equat ions f o r  t he  o u t l i n e  of  a s h i e l d  t h a t  minimizes the 

weight of t h e  sh i e ld .  Multiple-ganuna s c a t t e r i n g  e f f e c t s  a r e  included 

by incorpora t ing  a s h i e l d  "buildup fac tor"  i n  the  dose in t eg ra l .  

4.4.1 Radioisotope Thermoelectric Generator 

The genera tor  is an a l l -brazed  assembly i n  which a l l  thermoeleeenta 

are me ta l lu rg ica l ly  joined d i r e c t l y  t o  the  hea t  source and s ink.  

f u e l  capoule is a minimuparea r i g h t  c i r c u l a r  cy l inde r  f ab r i ca t ed  of 
Hastel loy C and l ined  with tantalum f o r  1ong:term cor ros ion  pro tec t ion .  

The capsule  is deeigned t o  wlthrtand boos ter  f i r e s  and e a r t h  impact 

a t  t e rmlna l  velocity. 
i s  provided i n  t h e  c a w  of  plutonium oxide f o r  containment o f  t h e  helium 

gas generated by the  alpha decay of plutonium. 

The 

A void volume equal  to  the  volume of t h e  f u e l  

0 
A high- temperature f ibrous  in su la t ing  ma te r i a l ,  Min-K-2000, is 

machined t o  f i t  between the  f u e l  capsule  and cas ing  around the  thenno- 

e l e c t r i c  modules. The case  and four r a d i a t o r  f i n s  a r e  made e i t h e r  of 

IM2U ~ g n e r i u m r t h o r i u m  a l l o y  or of beryll ium. 

mater ia la  i r  approximately the  same. The o u t e r  diameter o f  a PuOz 

RTG producing 200 e l e c t r i c a l  watts is 6.7 inches,  with each of the  

r ec t angu la r  c r o i s  s e c t i o n  f i n s  extending 16 inches beyond the  casing.  

The width of  t he  f i n s  is 9 inches; t hu r  they extend approximately one 

inch beyond t h e  he ight  o f  the  RTG cy l inde r  on top and bottom. 

angular  c ross -sec t ion  f i n s  would r e s u l t  i n  somewhat l i g h t e r  but longer 

panels .  There is c learance  in the Centaur shroud f o r  f i n s  up t o  24 
inchee in length. 

The dens i ty  of  these  

Tr i -  

The output  from the  thermoelemente, which a r e  connected in  

series and p a r a l l e l  f o r  optimum vol tage-current  c h a r a c t e r i s t i c s ,  is 

fed i n t o  a power condi t ion ing  uni t .  The load can be var ied  from no-load a 
4-7 
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to  fu l l - load  as requi red ,  without regard t o  damaging the  generator.  

Figure 4-3 shows the  cu r ren t  conceptual design of t he  Phi lco  Comet 

Probe RTG. Appendix B ( c l a s s i f i e d )  shows an a l t e r n a t i v e  rec tangular  

conf igura t ion design submitted t o  WDL by the  Mart i n  Company Nuclear 

Divis ion i n  response t o  WDL'r Comet Probe 8ol icFta t ion .  The r e s u l t i n g  

dimensions of  t h e  200-e l ec t r i ca l  watt generator  a r e  23" x 28" x 15'' a s  

shown in  Figure 3 of  the  appendix. 

Figure 4-4 is a p ro jec t ion  of  RTG technology t o  1971. Many 
development6 a r e  foreseen which w i l l  improve the  performance of  fu tu re  

i so top ic  genera t o r s  , thereby produc ing higher  power- to- we ight  r a t i o s .  

Current ly  we a r e  undergoing a t r a n s i t i o n  from PbTe t o  GeSi the rm-  

coupler.  PbTe i o  a t tacked  rap id ly  by oxygen and is l imited t o  lower 

temperatures,  hence the  lower Carnot e f f i c i ency  and l a rge r  r ad ia t ing  

f i n s .  Gedi is very a t a b l e ,  ha8 a low vaporp re r su re  and is bel ieved 

capable  of opera t ing  a t  temperatures in  excees of  1800' F in  a 

vacuum. The mate r i a l  is q u i t e  s t rone  and porserses  a low dens i ty  

(3.32 gm/cc). Even higher  thermoelectr ic  e f f i c i ency  can be achieved 

by uring regmented therumelemento. This e f f i c i ency  I 8  a funct ion of  

the  Crrnot  e f f i c i ency  and t h e  mater ia l  f igure  of mer i t ,  

optimum thermoelectr ic  e f f i c i ency ,  the  average f igu re  of  merit through- 

out the  choren tecnperature range must be a puxlmum. Since n e i t h e r  

m t c r i r l  porreoser  I high f igu re  of  writ over the  t o t a l  temperature 

range produced between f u e l  caprule and r ad ia t ion  heat  r i nk ,  an 

element c w o r e d  of two (or more) ma te r i a l s  with t h e i r  i n t e r f ace  a t  

the  temperature of  t he  in t e raec t ion  poin t  of  the  f igure-of-meri t   curve^ 

w i l l  achieve nuxiamm ef f ic iency .  Segmenting elernentr i n  th in  f r rhfon  

i o  n o t  r now concept,  bu t  it b e  not  been developed or  placed i n  applica- 

t i o n  i n  t h e  p a r t  due t o  e l w t r i c a l  contac t  r c r i r t a n c a  problems. Martin 

ertLPplter that by 1975, generator powcr-to-wight r a t i o n  w i l l  be g rea t e r  

than  S wattr p e r  pound, Thir w i l l  be achieved through improved the- 

e l o c t r i c  mater ia l8  and bonding, f u e l  procers ing,  and f u e l  encapsulation, 

0 

To achieve 

PH I Lco. 
s . 3 .  
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Performance Parameters 

Parametric ca l cu la t ions  a re  displayed in  a s e r i e s  o f  f i gu res  

intended to  a l low f l e x i b i l i t y  for changing power requirements and tech- 

nology over t h e  next t en  years.  

used ins tead  o f  " e l e c t r i c a l  power ava i lab le"  t o  a l low changes i n  con- 

vers ion  e f f i c i e n c i e s  t o  be incorporated with a minimum of inconvenience. 

Figure 4-5 shows the  weight of  iootopic compound, c ladding,  and t o t a l  

hea t  source f o r  plutonium oxide. The required thickness  o f  cladding t o  

surv ive  Impact a t  terminal  ve loc i ty  is p lo t t ed  in  Figure 4-6 fo r  both 

plutonium oxide and plutonium n i t r i d e .  The n i t r i d e  form may conta in  i t s  

own helium, thus obvia t ing  the  requirement fo r  a void volume in  the  f u e l  

capsule .  Figure 4-7 shows the  weight o f  plutonium n i t r i d e ,  c ladding,  and 

t o t a l  hea t  source f o r  t h a t  compound. As cold- junct ion temperatures a r e  

lowered, the  r a d i a t i n g  a rea  m u s t  be Increased. Figure 4-8 shows f i n  

weight VS. cold- junct ion temperature f o r  four l eve l s  of  thermal power 

output .  

Thevariable  " t h e m 1  power output" is 

For a 6W°F cold- junct ion f i n  system, Figure 4-9 presents  the  

range of weights of  hea t  source,  Insu la t ion ,  cas ing ,  thermoelectr ic  u n i t r ,  

f i n s ,  power condi t ioner ,  and miscellaneous spr ings ,  shoes,  so lde r ,  and 

r t r a p r .  To ta l  RTC weight a s  a function o f  thermal power is rhown i n  the  

upper curve. 

A compound of plutonium is i d e a l  from the  s tandpoin t  o f  r a d i a t i o n  

h r t a r d s  and w i l l  r equi re  no add i t iona l  rh i e ld ing  t o  p ro tec t  pcrronnel.  

Extremely s e n r i t i v e  i n r t r m c n t r  map, however, r equ i r e  sh i e ld ing  t o  reduce 
radiat ion-induced n o b e .  Plutonium w i l l  be an expensive isotope t o  use i n  
RTC u n i t r  un t i l  wider urc of nuclear r e a c t o r  energy source8 come8 in to  
being throughout the  world. A campariron of  1968 cos t a ,  weight, and 

lead rh i e ld ing  r q u i r e d  t o  provide s i m i l a r  garma doses has  been made f o r  

4-11 
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WDL by Battelle and is tabulated below: 

ISOTOPE 

Pu- 238 
PUN 

Rn- 147 

p”2O3 

cm-244 
Cm203 

20 

40 

3.8  

SHIELDING 
(cm of lead) 

0 

4.6 

9.5 

4-17 

COST 
(1968) 

$3,600,000 

$ 465,000 

$1,570,000 
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SECTION 5 

OPTIMUM SHIELDING CONFIGURATIONS 

5.1 INTRODUCTION 

The problem of  sh i e ld ing  is present  i n  nea r ly  a l l  s i t u a t i o n s  in- 

volving rad ia t ion .  Elec t rons ,  protons,  and alpha p a r t i c l e s  a r e  the  most 

ion iz ing  and damaging t o  man, but a r e  the e a s i e s t  shielded of p a r t i c l e s  

o f  concern t o  spacecraf t  research and development. Neutrons and g a m  

rays  a r e  t h e  most d i f f i c u l t  t o  sh ie ld .  This study has been concerned 

with the  sh i e ld ing  o f  gama r ad ia t ion  from radio iso topic  power subsystems 

i n  spacec ra f t  where excess weight is s t i l l  an undesirable  luxury. 

The i n t e r a c t i o n  o f  gamma photons with matter  occurs  by th ree  

processes:  the pho toe lec t r i c  e f f e c t ,  t he  Compton e f f e c t ,  and p a i r  prod- 

uct ion.  

from its pa th  through t h e  ma te r i a l  depends on the  energy o f  the  photon 

and t h e  dens i ty  of mat ter  along i t s  route .  "Scat ter ing" is s a i d  t o  occur 

when Compton i n t e r a c t i o n  takes  place and a new photon appears a t  an angle  

t o  t h e  o r i g i n a l  ray path.  For cxtended ( i . e . ,  not "point") source6 and 

d e t e c t o r s  (1.e. , s e n s i t i v e  instruments) ,  photons which would not have 

reached the  d e t e c t o r  i n  a narrowbeam geometry a r e  s c a t t e r e d  back and 

a r e  r eg i s t e red .  

c a l c u l a t e d  by the  simple exponent ia l  a t t enua t ion  law. This increased 
dose has been included i n  ca l cu la t ions  by var ious forms of  a m u l t i p l i e r  

c a l l e d  a "build-up fac tor" ,  which depends on photon energy and s h i e l d  

t h  ic  knes a. 

The p r o b a b i l i t y  t h a t  one of  t hese  e f f e c t s  w i l l  remove a photon 
0 

Thus t he re  is an apparent build-up of  dose above t h a t  

The cur ren t  technique f o r  c r e a t i n g  a minimum-weight s h i e l d  is the  

concept of  "shadow" sh ie ld ing .  This approach has a degree of app l i ca t ion  

for  non-isotropic  r a d i a t i o n  f i e l d s  such as those generated by r ad ioac t ive  

i so topes ,  nuc lear  r eac to r s ,  and X-ray generators .  For a non-vacuum 0 
5- 1 
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environment, l i k e  an e a r t h  laboratory,  a i r - s c a t t e r i n g  e f f e c t s  l imi t  the  

usefulness  o f  a shadow sh ie ld .  

e f f e c t s  e l iminated,  p a r t s  of t he  veh ic l e  become r a d i a t i o n  s c a t t e r e r s .  This 

problem can be a l l e v i a t e d  by ca re fu l  design. 

i t s e l f  t o  be considered a s  a sca t t e r fng  medium as well  as  an absorbinp 

medium. 

On a spacec ra f t ,  even with a i r - s c a t t e r i n p  

F ina l ly ,  t he re  i s  the  sh i e ld  

5.2 RESULTS OF STUDY 

5.2.1 Two- Dimens iona 1 Prob lem 

Figure 5-1 shows a l i n e  isotope with a f i n i t e  number of rad ioac t ive  

atoms linedup evenly and emit t ing gamma rays.  From t h e  diapram, a vary- 

ing "density" of rays  can be observed between the  isotope and l i n e  de tec tor .  

The dens i ty  is g r e a t e s t  in  the  center  and diminishes uniformly toward both 

ends. A s h i e l d  located a t  t he  center  of  t h e  sepa ra t ing  region might, from 
phys ica l  cons idera t ions ,  be expected t o  appear lens-shaped as shown. The 
t a p e r  from c e n t e r  t o  edge, neglect ing build-up f a c t o r  ( L e . ,  mult ip le  

garnu s c a t t e r i n g ) ,  can a l s o ,  from phys ica l  COn8ideratiOn8, be shown t o  be 

logar  ithmic. 

The rFmple ray  p i c t u r e  can be appl ied t o  show how t h e  shield-shape 

change8 with loca t ion ,  as indicated i n  Figure 5-2. For t he  ryuunetrlcal 

s i t u a t i o n ,  where source and de tec to r  are  o f  equal  l i t e ,  the  miniram weight 

r h l e l d  Is exac t ly  centered. The nmxiwna th ickner r  po r t ion  increarer  as 

one w v e a  awry from t h e  cen te r  i n  e i t h e r  d i r ec t ion .  For c e r t a i n  pre- 

r c r ibed  doses, no s h i e l d  l a  required. As doses a r e  s e t  8prller and 8prl ler ,  

a r h i e l d  becomes necessary and the o p t h u m  weight s h i e l d  s t a r t 8  as I mar 

in t h e  c e n t e r  and grows outward. 

t ion8 of 1/3, 1/10, and 1/100 without build-up fac tor .  

Figure 5-3 show8 rh i e lda  with a t tenur-  

The presence of a build-up f a c t o r  t o  include t h e  e f f e c t s  o f  g a m  

r c r t t e r i n g  f o r  extended aources and de tec to r s  i r  important. The corpar l ron  

for rlumlnum rh ic ld ing  ( f o r  which build-up f a c t o r  da ta  is r e a d i l y  ava i l -  

ab le )  with rnd without build-up f a c t o r  is ahown i n  Figure 5-4.  It Is 
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Slab With Build-up Factor 

No Build-up Factor 

. . , . . *  

. . .  * . .  . 

F i g .  5 - 4  COMPARXSON OF O P T X U  SHIEISS 
CAUULATED WITH AND WITHOUI BUILD-UP FACTORS 

Both figures are located at the interaection 
of the disgonal raya. The outer shield u e e ~  
t h e  build-up factor for aluminum w i t h  1.25 
MOP gama raya. Conventional rlab ,hielding 
for both casee is indicated by the dotted 
line. 
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obrerved that rhape pe r tu rb ing  f a c t o r r  in t h e  equat ion with build-up 

f a c t o r  a r e  not s i g n i f i c a n t ;  

The t h l ckne r s  a t  t he  c e n t e r  increases  ar doer t he  cons tan t  t h i ckne r r  

o f  t h e  ripple slab.  

t he  l ens - l ike  c h a r a c t e r  remain$ uacbnged. 

A comparative weight c a l c u l a t i o n  i r  e a r i l y  a c c o q l i r h e d  for the 
two-dlmenrional plane s h i e l d  by in tegra t ion :  

= 1.23 t x  
P 

W (plane s l ab )  I 3 t X  

(5 1) 
r r L in T ( f  + gx) dx 1 t (x)  dx 
J FLD 

W(optimized sh ie ld )  

A three-dimensional es t imate  might  be made by r o t a t i n g  the two-dimensional 

s o l u t i o n  about i t s  a x i s  of s'ynimetry. 

l a r g e r  weight r a t i o  s ince  maximum thickness occurs i n  the center  region. 

This would be expected to  produce a 

W(cylindrica1 s lab)  
W(rotated optimized shield) 

0-x= t 
I 

2-0 t (x)  x dx 

It Is pointed ou t  t h a t  t h e r e  ca l cu la t lon r  a r e  made with t h e  o p t h i r e d  r o l u t l o n  

without  build-up f a c t o r  becaure it lr considerably l e r r  formidable t o  i n t e g r a t e  

than  t h e  genera l  ro lu t ion .  Frw Figure 5-4,  it can be reen that t h l r  rpproxl- 

mation ir probably not f a r  o f f  r l nce  t h e  genera l  rhape i o  very r h i l a r  i n  
bo th  C88C8 .  

5.2.2 Threc-DLPcnrIon.1 Problem 

Time r e r t r l c t l o n r  do not permit a complete expos i t i on  of a three- 

dfmenrional c a r e  i n  t h l r  r epor t  but i t  l r  f e l t  t h a t  ruch a case ,  with 

5- 7 
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a x i a l  s p e e t r y ,  would not be mathematically unwieldy. 

e s t l n u t i o n  of t he  weight comparison between almple s l a b  s h i e l d s  and 

t h e i r  o p t h i z e d  counterpar t s  has been made i n  the  previous sec t ion  by 
r o t a t i n g  a " l ine"  r o l u t i o n  about a c e n t r a l  axis.  

is tbought conservat ive because the c e n t r a l  por t ions  o f  a c i r c u l a r  

s h i e l d  w i l l  e f f e c t  an even higher degree o f  sh i e ld ing  u t i l i t y  than a 

l i n e  s h i e l d  i n  a comparable two-dimensional s i t u a t i o n .  A mental cxtra-  

po la t ion  o f  Figure 5-1 t o  a geometry of  a x i a l  r o t a t i o n  m y  provide a more 

convincing argument by showing an even higher  dens i ty  o f  ray path8 through 

the  c e n t e r  as compared with regions i n  the  v i c i n i t y  of .shield edges. 

A conrerva t ive  

This weight coqmr i ron  

The two-dlmensional exanple uses a " l ine"  i so tope  as source and 

a l i n e  de t ec to r  a t  which the  mexFPlum t o l e r a b l e  dose is i n t i a l l y  prercr ibed.  

It w i l l  s impl i fy  the  example considerably i f  t he  sh i e ld  i r  a l s o  taken to be 
a l i n e  r h i e l d  with va r i ab le  densi ty  t o  be determined. 

r o l u t i o n  i r  then appl ied t o  a sh ie ld  of uniform denr i ty  ma te r i a l  and the  

phyr i ca l  o u t l i n e  of  the  sh i e ld  is allowed t o  vary ( th io  is in the true 

r p i r i t  of t h i s  method), then the  conf igura t ion  w i l l  prove t o  be r l i g h t l y  

conrervat ive.  Thir is because ray pa th  lengths  in the s h i e l d  w i l l  be 
t r a v e r r i n g  a hypotenuse and w i l l  thus  be g r e a t e r  than the  d i r e c t  pa th  

rsrumed i n  the  formulation. 

I f  t h e  r e s u l t i n g  

WDL DIVISION 
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5.3 AWLYTICAL DEVEIIIPMENT 

5.3.1 Out 1 ine of Technique 

Gfven a prescribed radiation dose a t  the detector,  one 

derire8 to  f ind  minimum weight shie ld  to  be placed between 

the radiation source and the detector with the required atten- 

uation characteristics. The general approach to solving this 

prdblem is as follows: 

I .  Express the shield weight as an integral 

of a function of thickness over the shield 

area (dA = du dv, where u and v are transverse coordinater): 

w - J w(t) dA. (5- 3) 

2. Express the dose at the detector as a double 

integral over the source and detector surfaces, 

where the integrand is again a function of 

shield thickness. 

-2 - e t  
D -II SB(t)r e dAd 

S d  

where S, B,#, and r are conventional notations, rtrpectivelp, 

for source strength per unit arc., build-up factor, 

gamma attenuation coefficient, and ray path length. 

3 .  Tranrfonn the dose integral to a single integral 

over t h e  shield area 

5-9 
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4. Combine the two functions using the method 

of Lagrange multipliers appropriate to a 

variational approach, 

I - W + h D  

- I [ w(t> + Af(A, t(A))] dA 

5 .  Applying the techniques of the calculus of 

variations, set the f i r s t  variation of I 

equal to zero and solve for t(A, A). Since 

the integrand has no dependence on the deri- 

vatives of t, the Euler-Lagrange equations, 

resulting from the variation of I, are 

particularly simple. 

4 1  - 0 produces 

6. The solution for thickness as a function of 

area coordinate6 and the Lagrange conitant 

is obtained algebraically. 

t - t(A,r) where t 2 0. 

Physically, the thicknor8 cannot be negrtivo, 

whence the latter restriction on t. The 

constant 

certain configurations, or by formally carrying 

out the dose integral with the proper limit8 

may be evaluatod by intuition in 

5.. 10 
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of in t eg ra t ion  

D - f ( A ,  t ( A , A ) )  

where D is a given cons tan t  f o r  t he  problem. 

The i n t e g r a l  may be i n  two main p a r t s ;  t h e  

first extending from A - 0 to an upper limit 

where t becomes zero ,  and the  second extending 

from t h i s  point to t h e  upper geometrical l i m i t .  

(5-9) 

The relation t - t ( A ,  D) is the  complete and optimal so lu t ion  t o  

the  sh i e ld ing  problem. It is the  equation f o r  t he  shape (1.4. t h e  

o u t l i n e )  of t h e  minimum weight s h i e l d  which removes a l l  r a d i a t i o n  

above a given permitted dose (or dose r a t e ) .  

PH I LCO 
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5.3.2 Tranrfonnation t o  Shield Coordinate8 

The weight i n t e g r a l  is exprerrcd rimply a8 f o l l o w :  

W - I y ( x )  t dx 

or, r e t a i n i n g  ‘0 as a constant  and l e t t i n g  t be the  va r i ab le  

( these  q u a n t i t i e s  always appear together  as the product It’, 
W - I p  t ( x )  dx (9- 11) 

The l a t t e r  expression is the p re fe rab le  one. 
k m  

D = S j J d z  B ( t )  r-2 e-p?t dy 

-k -m 
where t is the  sh i e ld  thickness ,  x t h e  l oca t ion  on t h e  sh i e ld  

with respec t  t o  the  center ,  D t he  dose or dose-rate  i n i t i a l l y  

set  a t  the  d e t e c t o r ,  S the source s t r eng th  of the  i so tope  i n  

photons per  u n i t  area per  s t e rad ian ,  z t he  loca t ion  on t h e  

aource referenced t o  the  center ,  B t he  build-up f a c t o r  t o  incor- 

pora te  the  e f f e c t s  of mul t ip le  s c a t t e r i n g ,  r the  ray path  length ,  

f i t h e  mass a t t enua t ion  coe f f i c i en t  f o r  t he  s h i e l d  i n  area per 

mads u n i t r ,  Q the  dens i ty ,  and y t h e  loca t ion  on the  de t ec to r  

referenced t o  the  center .  The sketch below a l s o  i l l u 8 t r a t e r  the 

prranettrr . 

(5- 12) 

Y 

L- 
source sh i e ld  de t ec to r  
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To transform the dose integrals over y and z to M equivalent 

integral over x ,  we obtain from the diagram above, 

= a z  + b y  (5- 13) 

where a and b are defined by the relations above. Lines of constant 

x can be drawn on a y-z plane with slope - dz b - - - 
dY a '  

I 
Liner perpendicular to az + by - x are the  et bz - ry = w with 

dz a 
dY b 

rlopt - - - . 
WI are effectively going to rotate the coordinatee from a y-z 

orientation to an x-w orientation. WC CUI then integrate over 

w, rince x will be constant over thir.intcgration, and leave an 

intagration over x to be performed. 

we derire the dose integral to be stated. 

Thio ir the formulation in which 

5- 13 
WDL DIVISION 

L5 



WDL-”Et2 366 

From the transformation 

x = a z  + b y  

w - b z  - a y  

w e  ca lculate  the inverse transformation 

a b 

= xTx + nw 
b a 

2 w  x -  
a2 + b 2 z -  

a2 + b 

and the Jacobian, 

b(Y, 2 )  

I( . ,  w) 
J -  

-1 
.I 

2 .  
a2 + b 

The dose integral changes a s  fo l lowst  

D - Jmfd(t (x) ,  y, z) dy dz 
-m -k 

which i s  the desired fom.  

The l i m i t s  of the integration over w form three groupsr 

depending If  which boundarier the l i n e s  of constant x terminate. 

It i s  observed that i f  the sh ie ld  is placed exactly i n  t h e  center 

(5- 14) 

(5- 19) 

5- 14 
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between the source and detector, then only tu, groups will result, 

separated by the diagonal. 

z - -m 
For each group  we^ apply the transformation equations (5-14) to (SIT) 

tabulate the limits w+ and w, of the integral. For exemple, in 

group 1 the integration over w would terminate at each and of 8 

line of constant x; from the line y = -k to the line z = -m. 
x ak A t  y - -k we find that z - g + - , and at z = -m we find that b 

x b m  a y = - + - and w, = am + - a a '  e (x + bm). thus w+ - -bk - 6 (x + ak) 

w_ - aIn + - b (x + bm) 
a 

b 
a w- - am + - (x + bm) 

8 w, = bk - 6 (x - ak) 
1 

The general mlution will follow after a slight digreasion to 

explore two approximations which are useful. 

5- 15 
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t 9 

CROUP f 8 

Approximation i f  L is Large 

A simplification enters i f  the integrand d(t(x), y, z) is not a 

function of y and Z .  This  would occur if there was no r depen- 

dence. This is almost the case if L ia large compared with m and 

k, whence r2 - L . In space vehicles m is on the order of 5 cm, 

and L is on the order of 1 meter, so the approximation is nearly 

justified. 

2 

2 

L'2S B(t) e'*ft dy dz . -JI  (5- 22) 

- I J L'2S B(t) e'*tt (w+ - w-) dx (5-23) 

In general, the difference of the limits is a linear function 

of x, 

(5 -24)  w + - w  = f + g x  - 
where f and g depend on group location and are tabulated below 

1 

l 2  
3 

2 b m  - 2 m  - 2 -  a 
2 2 b m  a k  
a b  

-bk - - - 

b e  -z - 'i; 
0 

b e  
a b  

+ - +  

PH I LCO 
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The integral to be operated upon in thie  approximation i r  

I - W + h D  

-J [ Q t(x) + L'*S J B(t) e-+ft (f + 8 x g  dx (5-25) 

For 61 = 0 we knov that 

&[e t(x) +AL-*S J B(t) e')Cy ( f  + g x d  - 0 

or 

In the case of B - 1 (no build-up factor, i.e. multiple scattering 

is neglected), the equation simplifies again. 

0 - ~ L - ~ s  J (f + p x ) p p e - p V t  - o (5-28) 

(5-29) 

This solution is plotted in Figure 5-3 f o r  Ls/L - a - 4 
attenuations of 1/3, 1/10, and 1/100. 

and for 

In the case that B 

interesting relation between t and X. Let us first examine various 

forma of B to find a form which gives  adequate accuracy and 

1, and r2 - L 2 ,  we can still develop an 

5- 17 
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ease of handling. These are listed in Table 5-1. 

I-- Table 5-1 Form6 of Build-up Factor rXubbel1; 19633 

! 
I 
I 

i 1 

i 
i 
I 

i 
I 
I 

! 

I 
I 

I 
1 
I 

i 
I 
I 

1. Linear (one parameter) 

B = l + p p y t  

2. Exponential-Linear (two parameters) 

B - 1 + p p p t  e -9PQt 

3. Exponential-Polynomial (1 to 3 parameters) 

B = (pt2 + qt + r)  c + V t  

4. L o w  order Polynomial (3 parameters) 

3 
B = 1 + ppft + q (FPtI2 + r (pot) 

5 ,  Sum of Exponentials ( 3 parameters) 

B = p e  - q W t  + (lop) e -'ruft 

6. Exponential-Linear Momenta ( 4  parameters) 

I 
i 
I 

j ! 
j 
I 

! 

I 
I 

I 
I 

i 
~ 

i 

The linear form is very useful for penetrations up to two mean free 

paths (i.e. p f t g  2 ) ,  but deviates from experiment by -13% 8t fipt-4 

for aluminum [Hubbell; 19631. Using this I n  Equation (5-27). we obtain 

5- 18 
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(5-31) 

This equation may be solved e x p l i c i t l y  for x ( t )  and used from a 

graph t o  o b t a i n  t ( x ) .  

The two-parameter exponent ia l - l inear  form of the  build-up factor 

ie su rp r i s ing ly  good for  penetration8 up to ten mean- 

f ree-pa ths .  F o r y t  - 10 i n  aluminum t h e  devia t ion  from experiment 

is everywhere less than s . 4  2. From the build-up factor expreraion, 

B - 1 + p p q t  8 - w y t  , 

(5-32) 

(3-33) 

Using t h i r  in Equation (5-27), 

or 2 -0L 

which ir of t h e  form 

(5-35 1 

5- 19 
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5.3.3 Exact Solu t ion  

2 The general  so lu t ion ,  of  course, inc ludes  a l / r  dependence which 

becomes important a8 m/L o r  k / L  opproacher one. 

dz B ( t )  r-2 e - p ? t  dy - sss 
The integrand m u s t  again be expressed i n  terms of w and x so t ha t  

t he  w i n t e g r a t i o n  can be ca r r i ed  out.  

2 r - ( y  - z ) *  + L' 
2 

a + b  2 + L  

where 

2 - A + B w + C w  

2 
a - b  

A - (m) x2 + L 2  

2 (a2 - b2) 
B -  X 

(a2 + b2)2 

1 

(a2 + b2) 
c -  2' - J2 (8 + b 1) 

and if t h e  81gebra is being followed, i t  should be obrervad th8 t  

a - b = a2 - bz - 2. - 1, and J comes from Equation (5-18) for the 

Jacobian of the  transformation. 

The i n t e g r a l  of i n t e r e s t  is 

5- 20 
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K(x) = 2 (4AC - B2)” arctan (2Cw + B)(4AC - B 2 ) -4 i’ 
(5-42) 

where 

Thus, 2 2 2 2 x  23 W +  + 25 (a -b ) 
J L  -2JL 

L 

-2JL - arctan 

Since a l l  the w l i m i t s  are l inear in x ,  we CUI write 

K(x) = - (JL)O1 [arcton (D + E X )  - arctan 

where D ,  E ,  F ,  G once again depend upon group location 

in the previour sect ion and are tabulated below. 

(F + Gx)] 

as defined 

- 
b 

+k 
GROUP F C 

- -m 
L8 i( a- b %) b 1 

2 I 
3 -(6-b+;;) J b 

L 

( 5 -  4 3 )  

( 5 - 4 4 )  

(5-45) 

5-21 
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I 

1 
t 

arctan (01 +$  x) - arctan ( 8  + 6 x) - 
i 

b 

Again we take the first variation of the integral made up of the 

weight plus a constant times the dose function. 

i 

For 6 1  = 0 ,  

or 

(5-46) 

( 5 - 4 7 )  

(S-48) 

Using the exponential-linear approximation to the build-up factor, 

the bracket becomes 

(5 -49)  

The general relation may be written as 

5- 22 
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SECTION 6 

CONCLUSIONS AND RECOP@SNMTIONS 

6.1 PHOTOVOLTAIDISOTOPIC COWARISON 

The phyr ica l  c h a r a c t e r i s t i c s  and performance c a p a b i l i t i e r  of t he  

photovol ta ic  and i so topic  power conf lgu ra t  ions a r e  tabula ted  and compared 

i n  Table 6-1. 

6.1.1 Photovol ta lc  Power 

The photovol ta ic  power rubsystee posresser  the  following 

rdVmt8ger: 

1. Proven r e l i a b i l l t y  

a. Almost a l l  rpacccraf t  requi r ing  r e l a t i v e l y  m a l l  power 
leve l8  over long periods have utilized photovol t r lca  
with exce l l en t  r e a u l t r  . 
A b o r t  a l l  sprtemr now in prepara t ion  p lan  t o  use 
photovol ta ics ,  spccif  l c a l l y  o i l i con  cc 118. 

b. 

c.  It lr a r e l a t i v e l y  simple r t a t l c  ryaten.  

2. A l l  component8 are  readi ly  ava i l ab le  

a .  No lengthy, cos t ly  developmental program necerrary.  

3. P o t e n t i a l  improvementr 

a.  Small increare  i n  l a rge  quant i ty  c e l l  c f f i c i e a c i a r  can 
be an t iClp8t td .  

b. Improved manufacturing methods should lead t o  coat 
rcduc t ion. 

I n t e g r a l  c e l l  covers could lead t o  E u b r t 8 n t h l  fab- 
r ica  t ion cor t reduc t ions.  

c .  

PH I LCO! 
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e 
6.2 CIK)ICE OF POW SUBSYSTB)( 

On t he  b a s i r  of a ccmpariron between t h e  perfo-nce o f  photo- 

v o l t a i c  and i so top ic  power 8ublrpEteW on a comet probe requi r ing  200 

w a t t r  o r  more, photovol ta ic  panelr  a r e  rccomended f o r  f l i g h t s  t o  c o r c t r  

out t o  h e l i o c c a t r i c  d i r t a n c c r  of about 1.6 A.U., c . 8 . b  Pons-Winnecke a t  

1.25 A.U. and l o p f f  a t  1.57 A.U. On f l i g h t s  beyond 1.6 A.U. , e.$. , 
Brookr (2) a t  1.8 A.U., photovol ta ic  panels  a r e  la rge  but  ncvcr the lc rs  

d c r i r a b l c  becaurc of proven technology a t  200-watt power level .  For 
higher  powerr (c.g., 300 wa t t s ) ,  RTG u n i t s  a r e  rccomended. 

6 -4 
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APPENDIX A 

C A U U U T I O N  OF SOUR CEU DEGRADATION DUE TO PROTONS 

A.1 DETeRMCNATION OF SUMATION 

The r a t i o  o f  maxlmum power a f t e r  i r r a d i a t i o n  t o  nuximum i n i t i a l  

power, Pm/Pmo, is r e l a t ed  t o  the r a t i o  o f  f i n a l  t o  i n i t i a l  d i f fus ion  

lengths  in  the  s o l a r  c e l l .  

t i e s  i n  the  c r y s t a l  e t ruc tu re )  which cause an increasing number of 

e lec t ron-hole  recombinations, thus reducing the  maximum power output .  

The i n i t i a l  d i f f u s i o n  length,  Lo, is a property of  the p a r t i c u l a r  80hr  

c e l l ,  and is usual ly  in  the range 150-275 microns. 

i r r a d i a t i o n  on d i f f u s i o n  length is determined from the  following r e l a t ion :  

The rad ia t ion  is producing t r a p s  ( i r r e g u l a r i -  

The e f f e c t  of  proton 

where L i r  t he  f i n a l  d i f fus ion  length, b (E) the  energy-dependent damage 

c o e f f i c i e n t ,  and (E) the  t o t 8 1  number of  protons incident  on a rquare 

cent imeter  with energy E. 

* 
P 

The determinat ion of  t he  euumation, I: k c$ , can be a tediour  job. 
P 

A u t h o d  is derived in  t h i o  appendfit t o  evaluate  t h i s  quant i ty  f a i r l y  

r ap id ly  and without introducing cxceesive e r r o r .  The approach i r  t o  

a p p r o x h a t e  the  funct ions k (E) and @ (E) a s  rimple power funct ions of 
E which may be determined by mearurements on t h e i r  log-log graphr,  and 

t o  a c c q l i r h  a r u m a t i o n  over in f in i tes imal  energy i n t e r v a l r  by integ- 

r a t i o n .  

r t r a i g h t  l i n e  on a log-log p l o t ,  it can o f t e n  be rpproxlm8ted t o  an 

adequate degree of  accuracy by two o r  more such l i n e r  w i t h o u t  becoming 

unw ie ldy . 

P 

Where an e n t i r e  rpectrum cannot be wel l  represented by s i n g l e  

A- 1 
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11. For E > 28 Mor: 

whore I - "bort" mamured d o p  P E  botwoon El urd % on 
a log-lea p l o t  of the intogral rpectrua of  proton^, 

8nd N( > E) - the nrubor of p u t i c l e r  with energy groator than I. 

A- 2 
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A. 2 DERIVATION 

1. Determination of Difforential Spectrum from Integral Spectrum 

b t  dN .I n(E) dE = the number of particlor with onorm betweon 

E d E + d E .  

The function n(E) io callod tho  differential rpectrar md h&r t h o  

follwing propertier: 
E2 

= number of puticler w i t h  

1 4 energy betwoon E 
NE19 a) = JdE) 

E ,  

N(TE1) I n d o r  of particlor with 
enorgy greater than El 

If a portion of tho integral apectrar, N(7E) vr E, can be rearonably 

reprerented by a rtraight line on log-log graph papor, thon within 

thir region 

rhore m i r  the rlope AN(>E)/AE of tho rtraiat line roprorentation. 

The nluerical value of a ir eariert detorminod by rearuring t h o  l i n o u  

dirknce (with a ruler) AN()E) md dividing by t h o  linear dirtmco AE 

aa mamured with the ram redo. 

Sinco 
P E= 

it i r  cloar that by difforentiation of N(7E) we m y  dotermino n(C). 
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The value of the constant, A, a180 follorr 

~ h o  quantity n(E) d~ rill roplace the  e n t q  + in t h o  r-tion. 

2. 

The d u y e  conrtmt (l) k CUI bo reprerentod by the foll.ring functionr 

b a r d  om orpirieal dab: 

Evaluation of UI Equivalent Integral 

P 

It = 1.5 x lo-' for E 728 Mer. P 

Tho m ~ a t i o n  CUI now be replaced by an integral a8 followr: 

J 
E, 

A- 4 T WDL DIVISION' 
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Inrerti-  tho  v d u o  of A, w obtain t h o  d o r i r d  rorr l t  in  t o r u  of 

puamokrr of tho i n t o p a l  rpoctrm. 
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APPENDIX B 

XARTIN COHPANY RTG DESIGN 

rThir rerponrc to the WDL Comet Probe 
S o l i c i t r t l o n  by the Martin Coaprny'r 

Nuclear Divirion i r  c l r r r l f i e d  

Confldcntlrl rccordlng to AEC rcgu- 

lrt ion#, and l a  therefore contr ined 

in r rcprrrte c l rro l f i cd  rupplement. 1 

PH I LCQ 
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